Summary. The effect of work-induced hypertrophy on skeletal muscle protein metabolism was studied in lean mice and in mice rendered obese with goldthioglucose. After tenotomy of the gastrocnemius muscle, the adaptative growth of soleus muscle was less pronounced in obese than in lean mice. Protein turnover was studied in the isolated soleus muscle 4 days after the operation. Tyrosine incorporation in total proteins and tyrosine release in the incubation medium (indices of protein synthesis and degradation) were increased by 3-and 2-fold in overloaded (i. e. work-induced hypertrophied) muscles of lean and obese mice, respectively, compared m the control muscles isolated from the non-operated leg. The qualitative modifications in the pattern of proteins synthetized from 35S-methionine were identical in both groups of mice. This increase in protein turnover in overloaded muscles results from an increased rate of polypeptide chain initiation (3-fold in lean mice, 2.2-fold in obese mice) without any modification of peptide chain elongation rates. Work-induced hypertrophy was also able to reverse the defect in amino acid uptake which is present in soleus muscles of GTG-obese mice. These results suggest that the work-induced increase of skeletal muscle protein turnover is diminished in obese mice.
Obesity is mainly characterized by an excess lipid deposition, hyperinsulinaemia and a decrease in lean body mass [1] [2] [3] [4] . In genetically obese mice, this decrease in muscular mass has been attributed to an increase in protein degradation [1] or to a defect in protein synthesis [5] . In a previous study performed in mice rendered obese with goldthioglucose (GTG), we could not detect any alteration in protein turnover measured in two isolated muscles (soleus and extensor digitorum longus), and we suggested that the abnormalities observed in obese animals in vivo could be the consequence of a complex abnormal hormonal profile or/and of reduced physical activity [6, 7] . Indeed, contractile activity appears to be a fundamental determinant of muscle mass, and can even take precedence over endocrine signals [8] . In order to study the effect of exercise on muscular protein metabolism in obese mice, we have used the following approach: by cutting the tendon of the gastrocnemius muscle, an important work load is applied to the soleus muscle of the same leg [9, 10] . In the present paper, we have thus compared an overloaded, hypertrophied muscle in one leg to a control muscle in the other leg within a same animal. We have shown that the effect of work-induced hypertrophy is less important in obese mice than in lean controls for protein synthesis, but is similar in both groups of mice for amino acid uptake.
Materials and methods

Materials
Radioactive products were purchased from the Radiochemical Centre, Amersham England, or from New England Nuclear, Dreieich, FRG. Pactamycin was a gift from the Upjohn Co, Kalamazoo, MI, USA. All other reagents were of the best grade commercially available, and were obtained from Sigma, St. Louis, MO, USA; Merck, Darmstadt, FRG; or Boehringer, Mannheim, FRG. All reagents for SDS-gel electrophoresis were from Bio-Rad Laboratories, Richmond, CA, USA.
Animals
Male Swiss Albino mice were provided laboratory chow (Usine d'Alimentation Rationnelle, Villemoisson, Epinay-Sur-Orge, France) ad libitum and maintained at 23 °C on a 12-h light cycle until the time of killing. Mice were rendered obese by goldthioglucose (GTG) injection at 3 weeks of age [11] and used when obesity had reached a plateau, i.e. between 20 and 30 weeks of age. Age-matched lean animals were used as controls. 
Surgical procedures
Under ether anaesthesia, the distal tendon of the gastrocnemius muscle of one leg was dissected free from the tendon of the soleus muscle. As much tendon as possible was removed to prevent tendon reapproximation by fibrosis as described in the rat [9, 10] . Muscles of the unoperated contralateral legs were used as controls, since there was no difference between muscles from sham-operated or from non-operated legs [12, data not shown]. Four days after the operation (when the hypertrophy reached a plateau [13] ), mice were killed by cervical dislocation and soleus muscles were isolated and incubated as previously described [11] in I ml Krebs-Ringer bicarbonate buffer (pH 7.3) containing pyruvate (2 retool/l). The additions were specified in each experiment. All incubations were preceeded by a 15-min pre-incubation period.
Measurement of protein synthesis and protein degradation
The rates of protein synthesis, estimated by 3H-tyrosine incorporation in trichloracetic acid precipitable material, were measured as previously described [6, 14, 15] . Muscles were incubated at 37 °C in the medium described above supplemented with branch chain amino acids (leucine 0.2 mmol/1, isoleucine 0.1 mmol/1, valine 0.2 mmol/1) and L (side chain 2,3-3H) tyrosine (0.1 mmol/1, 1 lxCi/ml, 16 Ci/mmol and (~4C)-inulin (1.25 gCi/ml; 400 mCi/mmol). At the end of the 3-h incubation, muscles were freeze-clamped and homogenized; trichloroacetic acid-precipitable proteins were then measured. Aliquots of supernatant following trichloroacetic acid precipitation were used for tyrosine assay, and for determination of anc and 3H radioactivity. In each muscle, the intracellular specific radioactivity of tyrosine was calculated [6, 14] ; overload did not affect intracellular specific activity 249 of tyrosine (data not shown). Protein degradation was estimated by measuring tyrosine released in the incubation medium in the presence of cycloheximide (0.5 mmol/1) to block protein synthesis [6, 14, 15] . In the latter case, cycloheximide was also present during the pre-incubation period.
Determination of polypeptide chain initiation rate
Muscles were incubated for 3 to 26rain with pactamycin [16, 17] (2/xmol/1) and (a4C)-leucine (0.66 gCi/ml; 300 mCi/mmol). At the end of incubation, muscles were freeze-clamped and sonicated in ice cold potassium phosphate buffer (10mmol/1, pH7.3) containing 1 mmol/1 phenylmethylsulfonyl fluoride. Homogenates were centrifuged for 10 min at 8000 g. Labelled proteins present in the supernatant which represented nascent polypeptide chains were determined [7] .
Polyacrylamide gel eleetrophoresis (PAGE)
Muscles were incubated for 3 h with (35S)-methionine (50 l.tCi/ml, 1000 Ci/mmol) in the medium described above. Muscles were then lysed by sonication in a boiling SDS solution (3% SDS wt/vol, 10% glycerol vol/vol), and the samples were treated at 100 °C for 5 min after addition of 2-mercaptoethanol (2% vol/vol) and bromophenol blue (0.01%, wt/vol). Proteins contained in SDS extracts were analysed by one-dimensional gel electrophoresis [18] using a 5-15% linear gradient of acrylamide as a resolving gel and a 3% stacking gel. The gels were stained with Coomassie blue (0.25% solution in 50% (wt/vol) trichloracetic acid) destained in 7% (vol/vol) acetic acid, vacuum dried and exposed to Kodak X-omat films. The proteins used as molecular weight markers were: Myosin heavy chain (200000)/3 galactosidase (116 000) phosphorylase B (94 000) bovine serum albumin (67 000) ovalbumin (43 000) carbonic anhydrase (30000) soybean trypsin inhibitor (20000) and lysozyme (14000). 35S-methionine incorporation into TCA-precipitable proteins was also measured.
Amino acid uptake
Following a 2-h pre-incubation, muscles were incubated for 30 min at 37 °C in buffer containing a mixture of (~4C) aminoisobutyric acid (AIB) (0.2 ~tCi/ml, 0.1 mmol/1) and 3H-inulin (1 ~Ci/ml). Amino acid uptake was linear for this incubation duration [19] . At the end of incubation muscles were treated and counted [19] .
Statistical analysis
Results, expressed per mg of muscle protein [20] or per whole muscle, are presented as the means ___ SEM for the number of individual muscles indicated in the legends to figures. Statistical significance was assessed using the paired Student's t-test, with the overloaded muscle and the contralateral non-operated muscle from the same animal being compared. When muscles from different animals were used, Student's t-test for unpaired comparisons was used [21] .
Results
Effect of work-induced hypertrophy on protein synthesis and degradation in soleus muscles
The characteristics of the mice used in this study are shown in Table 1 . Mice injected with goldthioglucose were obese, slightly hyperglycaemic and markedly hyperinsulinaemic, and thus were insulin-resistant. Four days after tenotomizing the gastrocnemius muscle, work-induced hypertrophy of the soleus muscle was Muscles were incubated for 3 h with 35S-methionine (50 l.tCi/muscle). At the end of incubation, proteins were precipitated and counted. Each value is the mean_+ SEM of 3-4 different muscles maximal [13] . Since oedema occurs in hypertrophied muscles [13, 22] , muscle growth was measured as the accumulation of protein rather than as changes in muscle wet weight. As shown in Table 1 , tenotomy of the gastrocnemius muscle induced a 17.1% and a 8.9% increase in muscle protein content in lean and GTG-obese mice, respectively (the difference between lean and obese mice being highly significant, p < 0.005). In order to explain this difference between the two types of mice, changes in protein synthesis and protein breakdown were studied in isolated soleus muscles. As shown in Figure 1 , (upper panel) tyrosine incorporation was increased 3.2-fold in overloaded muscles of lean mice compared to controls. In muscles of GTG-obese mice, work-induced hypertrophy induced only a 2-fold increase. As previously reported in control muscles, basal rates of protein synthesis were not different between lean and GTG-obese mice [6] . Tyrosine release into the medium (Fig. 1, lower panel) an index of protein breakdown, was also found to be significantly increased by 2.5-fold and 1.7-fold in overloaded muscles of lean and GTG-obese mice respectively. Results have been expressed per mg muscle protein, but the effect of hypertrophy would be unchanged if results were expressed per muscle. Total muscular proteins and newly synthetized proteins from labelled methionine were then analyzed by SDS-polyacrylamide gel electrophoresis. Coomassie blue staining (Fig. 2, left panel) revealed few differences in the protein bands between overloaded and control muscles except for the appearance of a 62000 band. More differences between control and overloaded muscles appeared in the pattern of labeled proteins synthetized from 35S-methionine during a 3-h incubation. Methionine incorporation into total proteins was markedly increased in overloaded muscles compared to controls ( Table 2 ). As observed with tyrosine ( Fig. 1 ) the effect of work-induced hypertrophy on methionine incorporation into total TCA-precipitable proteins was less pronounced in obese than in lean mice (Table 2 ). To facilitate the qualitative comparisons between the different conditions, the autoradiograms shown in Figure 2 , right panel, were obtained from gels in which the same amount of radioactivity was loaded in each lane. Some bands were more heavily labelled (for example, 62 000, 32-34 000) while the labelling of other bands (for example, 64 000, 38 000, 36 000, 30 000, 28 000) was faint in hypertrophied muscle. More importantly, these changes induced by hypertrophy were similar in muscles from lean and GTG-obese mice.
Effect of work-induced hypertrophy on peptide chain initiation and elongation
It has been generally found that stimulation of protein synthesis by insulin [7, 23] or by increasing heart work load [24] occurs at the level of the rate of initiation of polypeptide chains. We therefore looked for an effect of work-induced hypertrophy on initiation step in soleus muscles. Muscles were incubated with pactamycin, a drug which specifically blocks initiation of new peptide chains without preventing elongation of the chains al-251 ready initiated before the addition of the drug [16, 17] . As shown in Figure 3 , work-induced hypertrophy markedly increased polypeptide chain initiation. Thus, the amount of radioactivity present in nascent polypeptide chains after pactamycin addition was increased by 3-fold and 2.2-fold in overloaded muscles of lean and GTG-obese mice respectively. In contrast, when the ribosomal transit times for proteins (an index of elongation step) were determined as previously described [7] , the values were not modified by work-induced hypertrophy (t,~ = 0.41 + 0.06 rain and 0.46 + 0.16 in control and hypertrophied muscle of lean mice, respectively, mean+SEM of 4 different experiments).
Effect of work-induced hypertrophy on amino acid transport
An alteration of aminoisobutyric (AIB) uptake has previously been described in muscles of obese mice [19] . We thus studied the effect of work-induced hypertrophy on the uptake of AIB in soleus muscles of both lean and obese mice. As shown in Table 3 , AIB uptake was decreased in control muscles of GTG-obese mice compared to control muscles of lean mice. Work-induced hypertrophy was able to reverse this defect, with values obtained in overloaded muscles being similar in lean and obese mice.
Discussion
Following tenotomy of the gastrocnemius muscle, the soleus muscle undergoes a rapid compensatory hypertrophy both in lean and obese animals [13] , with passive stretch being the main factor involved in inducing the rapid growth of the overloaded muscle [12, 26] . However, as reported in this study, this adaptive growth is less pronounced in obese mice than in their lean controls. Indeed, while protein turnover was increased about 3 times in lean animals, only a doubling was observed in obese mice, and the net increase in protein content was lower in hypertrophied muscles of obese than in lean mice. In contrast, qualitative changes of the proteins induced by tenotomy were similar in obese and in lean mice; for example, tenotomy markedly increased the content of a protein with Mr 62 000 (as reported in the rat [25] ) and modified the pattern of low molecular weight proteins. These results suggest that tenotomy of the gastrocnemius muscle induces important modifications of the proteins in the soleus [26] , but that differences in the response of obese mice are only quantitative and not qualitative. It is possible that those changes in the pattern of labelled proteins represent an internal remodelling of the tissue [26] .
In all models studied thus far, skeletal muscle hypertrophy is accompanied by an acceleration of protein turnover [12, 26] and an increase in AIB uptake [27] . The reason why protein degradation is stimulated together with protein synthesis is not clear, but it can be observed that in the large majority of reports of altered muscle growth, protein synthesis and degradation rose and fell in concert [26, 28] . In the present study with isolated soleus muscles, as in all systems of isolated muscles [6, 12, 14, 15] , protein balance is negative, i.e. degradation is higher than synthesis. Many technical difficulties are associated with the measurement of protein turnover rates in vitro [29] . The absolute rates of protein turnover measured in vitro in isolated systems are markedly different from those observable in vivo, and thus the results presented in this paper could be questioned on technical grounds. However, recent studies [12] have clearly shown that in vivo and in vitro methods of measuring protein synthesis and degradation are in good agreement concerning the changes in protein turnover induced by tenotomy of the gastrocnemius. The in vivo techniques could not be used in lean and obese mice due to the tiny size of soleus muscles in those animals.
The effect of work-induced hypertrophy on tyrosine incorporation into proteins seems to be due to an increased rate of peptide chain initiation. Neither tyrosine uptake, which is mediated through the L aminoacid transport system, nor protein elongation rate are modified by work-induced hypertrophy. The degree of stimulation of protein synthesis is closely related to the degree of stimulation of peptide chain initiation (Fig. 3) . Our results are in agreement with the model of Bergmann and Lodish [30] , in which the stimulation of protein synthesis can be correlated to that of initiation rate without modification of elongation rate. Such a correlation between protein synthesis and initiation rates was found for the effects induced by insulin or insulin-like growth factor [7, 31] . Increased initiation rates can also result in part from an increase in mRNA levels in hypertrophied muscles.
This study has also shown that the defect in AIB uptake already reported [19] in muscles of obese mice is suppressed by work-induced hypertrophy (Table3). These results are parallel to the results obtained for 2-deoxyglucose uptake, since the alteration in basal and insulin-stimulated glucose transport was reversed in overloaded muscles of obese mice [13] . The complete normalization of aminoacid uptake, together with a lower effect of tenotomy on protein turnover in obese mice, suggests that the work applied to the soleus muscles by tenotomy of the gastrocnemius muscle was very similar in lean and obese mice. It also confirms that none of the A system amino acids appear to be rate-limiting for protein synthesis [29] .
